We have studied laser induced material modification in a frequency tripling mirror (FTM) consisting of alternating hafnia and silica layers. The third-harmonic signal generated by a train of femtosecond laser pulses (791 nm, 55 fs, 110 MHz) drops over time until it reaches about 20% of the initial value. From the observed changes in reflection and transmission of the mirror a refractive index change of 0.07 was estimated, which occurs in the layer with the highest field enhancement. This index change triggers a drop in the field enhancement, which reduces the efficiency of nonlinear optical processes. The estimated value of ∆n allowed us to explain the 80% reduction in conversion efficiency and as well as an observed decrease in two-photon absorption.
INTRODUCTION
In recent years stacks of dielectric coatings have found novel applications as nonlinear optical components. The most noteworthy examples are frequency tripling mirrors (FTMs) for third-harmonic generation (THG) 1 and switches based on the Kerr effect.
2 These elements take advantage of the degrees of freedom in the design of these stacks to optimize the nonlinear optical interaction and the high damage thresholds of the dielectric materials. The stack parameters, like the number of layers and the film materials and thicknesses, can be optimized for the desired nonlinear optical response, for example, the frequency conversion efficiency of an FTM. Because of the short overall interaction lengths of the laser with the film materials, high intensities are necessary for producing large TH. This favors short light pulses as illumination sources. Because the elements are exposed to high-intensity laser radiation, effects known as incubation 3, 4 and laser conditioning 5 come into play below the threshold for laser induced damage (LID). The induced material changes manifest themselves as long-lived or permanent modifications of the real and imaginary part of the refractive index. 6 In ordinary mirrors, these changes often do not compromise the performance characteristics, like reflection and transmission. To the contrary, mirrors for high-power lasers are often burnt in by slowly increasing the incident power to increase the LIDT. The thicknesses of the individual layers in FTMs are critical and have to meet design values to within one percent or better.
1 Consequently, laser induced changes of the refractive index are critical and reduce the efficiency of THG. 7 In order to devise mitigation strategies, the physical nature of the index changes has to be known as well as their magnitude. Corresponding measurements on a frequency tripling mirror and their interpretation are the subject of this paper.
FREQUENCY TRIPLING MIRROR
The FTM used for our experiments consists of 12 pairs of hafnia/silica films with an additional hafnia film on the substrate, see Fig. 1a . The thicknesses of the individual layers are optimized for THG in reflection.
1 A train of femtosecond pulses is incident (λ = 791 nm) and TH radiation at 264 nm is detected in reflection. 
LASER INDUCED MATERIAL MODIFICATIONS
The experimental setup for THG from an FTM is shown in Fig. 2a . The pulses from a fs oscillator (791 nm, 110 MHz, 55 fs) are focused onto the sample with an aspheric lens and the TH is collected in reflection. Figure 2b shows the normalized TH power as a function of time for different incident fluences of the fundamental pulse. The TH signal decreases on a time scale of minutes under continuous illumination before leveling off at about 20% of the initial value. Obviously, the material changes over time caused by the incident laser. The observed modifications are long-lived. After 24 hours without laser illumination, the THG efficiency was still the same as after 30 min.
CHARACTERIZATION OF THE INDUCED MATERIAL MODIFICATIONS
To estimate possible laser induced substrate modifications we illuminated a bare substrate over several hours with the highest fluence available. We could not detect any long-lived change in transmission and reflection. To decide whether the incident fundamental wave, the generated TH or both are responsible for the material modification in the dielectric stack we performed two additional experiments. First, we illuminated the sample with circularly polarized light. TH in this case is not generated in an ideal isotropic medium 8 and consequently only a small amount (10 −5 × the value for linear input polarization) was observed. Yet, the material was modified, albeit at a lower rate. The polarization effect of fundamental beam on material incubation has previously been studied.
These observations suggest that the fundamental radiation causes the observed incubation effects. Second, we tuned the fundamental wavelength from 791 nm to 756 nm and 815 nm and could not observe any laser induced modifications. For the same incident power the field enhancement at the detuned wavelengths is about 7 times smaller in the film that sees the maximum field. An obvious conclusion is that the material is modified by the fundamental pulse train and the layer with the highest field plays the dominant role in the observed change of the optical response. The modified sample area was inspected first using Nomarski, transmission and reflection microscopy. While a spot on the sample was clearly visible, the signal to noise ratio was not high enough for a quantitative analysis. We therefore performed transmission and reflection measurements with a low fluence / power probe beam. The experimental setup is shown in Fig. 3 . The sample was translated along the focused probe beam (direction z) while transmission t(z) and reflection r(z) were recorded. The results are shown in Fig. 4 . The maximum transmission and reflection change is observed when the sample is in focus, that is, when the overlap of modified material and area of the probe is optimal. Although the relative change in reflection is about 10 times smaller than in transmission, the net change in absolute reflection and transmission is zero, ∆r + ∆t ≈ 0.
(
This means that, within experimental error, the induced modification changes only the real part of the refractive index. The question arises what physical processes are triggered by the fundamental that give rise to this long-lived index change. Energy must be deposited to facilitate material modifications. A good indicator of the energy deposition of non-fluorescing samples is the temperature change during illumination. Figure 5b shows the experimental setup and the measured temperature change as a function of the incident mean power of the femtosecond pulse train.
For CW illumination, no measurable temperature increase is observed with the thermal camera. The linear absorbance is below the limit determined by the sensitivity of our detection apparatus. For the modelocked pulse train, a temperature change ∆T of 1.4 K at the highest average power was detected. To relate ∆T to an absorption we need a thermal model of the experimental situation. If we assume an infinitely thin absorbing film on a fused silica substrate illuminated by a Gaussian beam of power P and beam waist w, the temperature change in the volume of sample is:
Here A is the absorbance of the film. ρ, c, and D are density, specific heat, and diffusivity of silica, respectively. r and z are cylindrical coordinates and t is the illumination time. Note, the spatial resolution of our thermal camera is about 25 µm. This means the central pixel averages over parts of the temperature profile, and the temperature increase at z = 0 and r = 0 over long enough time is about 3 times higher than what is shown in Fig. 5b . Using this peak temperature allows us to associate an absorbance with the measured temperature increase using Eq. (2). Figure 5b suggests that the absorbed power of the nascent material varies quadratically with incident power, which points to a two-photon absorption process. In this case the absorbance A of the sample is proportional to the incident pulse fluence. In our case, at an incident averaged (over the pulse train) power of 600 mW, A ≈ 290 ppm. For a two-photon absorption process the pulse intensity is governed by
If we make the simplifying assumption that 2-photon absorption occurs only in the layer of the highest field enhancement, we can estimate the two photon absorption coefficient and obtain β ≈ 70 cm/TW. Due to the decrease in field enhancement, the absorbed power is smaller for the modified sample, cf. Fig. 5b .
INTERPRETATION AND DISCUSSION
Since the absorption triggering the material modification is nonlinear, the layers that see the largest intensity should play the dominant role in the measured TH, reflection and transmission change. The standing intensity distribution in the film stack is shown in Fig. 1b . The peak intensity occurs in one, relatively thick, layer. Let us therefore assume that the material (refractive) index is only modified in this layer:
The layer thicknesses of the FTM are very well known. The change in reflection, transmission, TH efficiency can therefore be predicted with good accuracy for a given ∆n in the layer of interest. Conversely, ∆n can be found by requiring that the measured and modeled r and t changes agree with each other. From this, we find ∆n ≈ 0.07 describing the sample state at the plateau of the TH, cf. Fig. 2b . The sign of ∆n was determined by comparing the modeled and measured spectrum of the transmitted pulse. A positive index change corresponds to a red shift of the spectrum, which was observed. It should be noted that a laser induced index change was also evident from earlier time-resolved pump-probe measurements. 6 The reason why an index change leads to a dramatic decrease of the TH power is two-fold:
1. the field enhancement inside the hafnia layers decreases, cf. Fig. 1b , and thus reducing nonlinear optical processes, and 2. the phases of the TH fields generated in the individual layers do not add up in phase anymore because of the now less than optimal phase shift in the modified layer.
As a test, we used ∆n = 0.07 and the two-photon absorption parameter β = 70 cm/TW (cf. Eq. 3) to estimate the change in absorption (heating) taking into account the change in the standing field in the stack after material modification (cf. Fig. 1 ). At an average power of 600 mW, we obtain a temperature change of modified spot (averaged over the camera pixel area of ∆T ≈ 0.4 K) from the experiment and the two-photon absorption model using β = 70 cm/TW. For the same parameters and taking into account the ∆n = 0.07 for layer 7, our model yields ∆T ≈ 0.6 K, which agrees within experimental error with the measurement, cf. Fig. 5b . In addition, when we model the TH from the modified stack (layer 7 with ∆n = 0.07) we reproduce the observed drop in TH conversion efficiency within experimental error.
POSSIBLE FUNDAMENTAL MATERIAL PROPERTIES CONSISTENT WITH 2-PHOTON ABSORPTION LEADING TO MATERIAL MODIFICATIONS
Direct band-to-band excitation of hafnia (bandgap E g ≈ 5.8 eV) requires 4-photon absorption of 800-nm light. However, hafnia is known to have several possible mid-gap states associated with oxygen vacancies. 11 These states can mediate excitation of conduction band (CB) electrons via a two-step, two-photon absorption process. Most of the heating would occur through excitation and subsequent relaxation of these intermediate states and the temperature increase thus is expected to show the quadratic behavior shown in Fig. 5b .
Long-lived states causing the index change in question are likely a result of relaxation of electrons out of CB. This has been suggested previously 3, 4 and is the cornerstone of incubation processes that control for example the multiple pulse (S on 1) LIDT in optical elements based on stacks of dielectric films. Only a relatively small number of CB electrons are excited and therefore the contribution to the temperature change can be neglected. However, over time (minutes, cf. Fig. 2b ) CB electrons relax to defect levels. Regardless of rate of decay to defect 11 The valence (VB) and conduction (CB) edges are indicated as well as possible two-photon absorption processes.
levels, the population of defect levels allocated to oxygen vacancies with charge +2 will reduce, and will create oxygen vacancies with energy levels in the midgap of hafnia. The effect of this mechanism can be two-fold. First, it will increase 2-photon absorption by introducing more population related to midgap defect levels. Second, it also leads to increase in real part of refractive index. The induced index change will detune the stack and result in lower local intensities and consequently in lower two-photon absorption. This counteracts the increase in β due to the increase in the defect density. Our thermal measurements of nascent and modified areas in Fig. 5b indicate that the reduction in 2-photon absorption due to refractive index change is the dominant mechanism in our case.
SUMMARY
We studied the linear and nonlinear response of a FTM frequency tripling mirror (FTM) when exposed to femtosecond laser pulses at fluences below LIDT. Under continuous illumination of the mirror the third-harmonic (TH) conversion efficiency deteriorates as a function of time and saturates at about 20% of the initial value. Transmission and reflection measurements of the modified sample area reveal that the laser exposure changes the real part of the refractive index in the hafnia layer of the stack that sees the highest field enhancement. The index change results in a detuning of the FTM leading to a smaller field enhancement and subsequently to smaller TH generation. This was tested by measuring the temperature change induced by two-photon absorption. The observed drop agrees with model predictions. The material modification is triggered by the incident fundamental radiation, not by the generated TH. Two-photon absorption in hafnia is mediated by well-known intrinsic defects like oxygen vacancies. The long-lived material modification is likely caused by the relaxation of conduction band electrons.
Work is in progress to identify measures that can help reduce the impact of the incubation effects on the performance of the FTM. Annealing might help. Mirror designs with larger tolerances with respect to optical thickness fluctuations or taking into account the incubation after a "burn-in" period may also help mitigate the laser induced index change.
